Purpose The aim of the study was to compare pelvic incidence (PI) and pelvic tilt (PT) measurements using the bicoxofemoral axis obtained from either femoral heads or acetabular domes on lateral digital radiographs of the spine. Methods Standing lateral radiographs of the spine of patients without hip pathologies were analyzed. PI and PT were measured on 50 radiographs using the femoral heads first followed by measurements performed with the acetabular domes to define the bicoxofemoral axis. Agreement between the methods was quantified by intraclass correlation coefficient (ICC) and median error for a single measurement (SEM). Intraobserver reproducibility and interobserver reliability of both methods of identification of bicoxofemoral axis and its impact on PI and PT measurements were tested on 31 radiographs and quantified by ICC and SEM. Results There was an excellent agreement in PI as well as in PT between measurements performed using whether the femoral heads or the acetabular domes (ICC: 0.99; SEM: 0.56°for PI and ICC: 0.99; SEM: 0.2°for PT). Excellent intraobserver reproducibility was revealed for both methods (ICC: 0.99 and SEM: B0.17°for PI and ICC: 0.99; SEM: B0.18°for PT). Both methods presented excellent interobserver reliability (ICC: 0.99 and SEM: B0.54°for PI and ICC: C0.98; SEM: B0.9°for PT). Conclusions We suggest that either the femoral heads or the acetabular domes may be used for reliable PI and PT measurements on the lateral standing long-cassette digital radiographs of the spine.
Introduction
The double S shape of the human vertebral column in the sagittal plane is one of the evolutionary adaptations to upright position of the human body, providing a compromise between stability and mobility [1] . Several quantitative parameters, both positional and anatomic, evaluating the spinopelvic sagittal alignment have been reported [2] . Pelvic incidence (PI) first introduced by Duval-Beaupère et al. [3] is the most widely used anatomic parameter. PI is defined as the angle between the line joining the midpoint of the coxofemoral joint axis and the center of the S1 endplate and the line orthogonal to the S1 endplate [3] . Pelvic incidence is hypothesized to be the fundamental pelvic parameter for three-dimensional regulation of spinal sagittal curves [4] . Pelvic tilt (PT), a positional sagittal pelvic parameter, is defined as the angle between the line joining the midpoint of the coxofemoral joint axis to the center of S1 endplate and the vertical reference line [3] . Pelvic tilt revealed to be highly correlated with disability in adult spinal deformity patients [5, 6] .
Accuracy of measurements of both, PI and PT, depend on the proper identification of the coxofemoral joints on the lateral long-cassette standing radiograph as well as the S1 endplate. On the traditional X-ray films, the center of each coxofemoral joint was found as the center of the circle surrounding the femoral head. However, some authors used the acetabular dome to find the center of the hip joint [7] . New digital radiographs enable magnification and changes in contrast or brightness of the screen to better visualize the anatomic structures. That is why the acetabular dome and femoral head may be seen as two separate circular lines. According to our clinical observations, femoral heads are more clearly visible on some radiographs, while the acetabular domes on others. Femoral heads and acetabuli have been used interchangeably for PI and PT measurements [8] [9] [10] [11] . In a normal hip joint, a circle drawn on the acetabular dome should be concentric with a circle surrounding the femoral head. Thus, measurements of PI and PT should not be influenced by whether the centers of the femoral heads or the centers of acetabular domes are used for defining the midpoint of the coxofemoral joint axis. However, we do not know if precision of drawing the circles on the borders of the femoral heads or on the acetabular domes on the lateral radiographs is similar, and its influence on PI and PT measurements remains unknown. As to our knowledge, no study that would compare PI and PT measurements using the centers of the femoral heads versus the centers of the acetabular domes to find the midpoint of the coxofemoral axis exists.
The aim of the study was to compare PI and PT measurements performed using either the femoral heads or the acetabular domes to define the center of the coxofemoral joints on standing lateral long-cassette digital radiographs of the spine.
Materials and methods

Subjects
After having obtained institutional review board approval, a group of 50 consecutive patients examined between January 2012 and April 2014 with standard standing longcassette postero-anterior and lateral digital radiographs of the spine (General Electric Medical Systems, Centricity PACS Radiology RA1000 Workstation) with clearly visible hip joints, ossified Y cartilage of the acetabulum, ossified proximal femoral physis, and no radiographic signs of hip pathology were retrospectively reviewed and included into the study. There were 27 females and 23 males in mean age of 23 years (14-59 years).
All of the radiographs were downloaded from the Centricity PACS system as bitmap images and analyzed quantitatively in Surgimap Spine Software (Surgimap, New York, USA).
Evaluation of agreement between PI and PT measurements based on femoral heads or acetabular domes to identify the centers of the coxofemoral joints All of the 50 radiographs were reviewed by a single researcher (orthopedic spine surgeon with 8 years of experience). Two series of measurements were performed at 1-week intervals. The order of radiographs assessed in each series was different and random.
In the first series, PI and PT were measured by use of the ''femoral heads method'' in the following manner: a line was drawn between the supero-anterior corner and the supero-posterior corner of the S1 vertebral body and was considered as S1 endplate. Next, a circle was drawn around the borders of each femoral head. The midpoint of the line joining the centers of the circles surrounding the femoral heads (the bicoxofemoral axis) was found automatically by the software. The angle between the line joining the bicoxofemoral axis with the midpoint of the S1 endplate and the line that was perpendicular to the S1 endplate was considered PI and was calculated automatically by the software. Pelvic tilt was defined as the angle between the line joining the bicoxofemoral axis with the midpoint of the S1 endplate and the reference vertical line and was measured automatically by the software (Fig. 1 ). After the measurements had been done, the circles were removed from the femoral heads, but the S1 endplate was left in its place and the radiograph was saved in the database.
In the second series of measurements, PI and PT were measured with ''acetabular domes method'' in the following manner: a line on S1 endplate was saved from the first series of measurements (was exactly the same in both series). Next, a circle was drawn along each acetabular dome instead of the femoral heads (Fig. 2) . Pelvic incidence and PT were measured automatically by the software.
Agreement between PI measured with both methods, namely the femoral heads method and the acetabular domes method as well as agreement between PT measured with both methods was tested and quantified by the intraclass correlation coefficient (ICC) and a median error for a single measurement (SEM) [12] .
Evaluation of the intraobserver reproducibility for identification of bicoxofemoral axis using the femoral heads or acetabular domes and its impact on PI and PT measurements In order to assess the intraobserver reproducibility for each method of identification of bicoxofemoral axis and its impact on PI and PT measurements, namely the femoral heads and the acetabular domes method, radiographs of 31 randomly chosen patients were assessed by a single researcher (orthopedic spine surgeon with 8 years of experience). Three series of measurements of PI and PT were performed using the femoral heads method. Next, three series of measurements of the same two pelvic parameters were done on the same radiographs by the same researcher using the acetabular domes method. The line on S1 endplate on a particular radiograph was exactly the same in all of the series of measurements. The order of radiographs in each series was different and random. All of the series of measurements were performed at 1-week intervals. The intraobserver reproducibility for each of both methods of identification of bicoxofemoral axis and subsequently its impact on PI and PT measurements was tested and quantified by ICC and SEM.
Evaluation of the interobserver reliability for identification of bicoxofemoral axis using the femoral heads or acetabular domes and its impact on PI and PT measurements Evaluation on interobserver reliability for both methods of identification of bicoxofemoral axis and its impact on PI and PT measurements was performed on the same 31 radiographs that were used for intraobserver testing. Three independent researchers (orthopedic spine surgeons with 5, 8, and 10 years of experience) measured PI and PT first using the ''femoral heads method'' and followed by the ''acetabular domes method.'' The line on S1 endplate on a particular radiograph was exactly the same in all of the series of measurements, and was predefined by the primary investigator. The order of radiographs assessed by each researcher was different and random. The interobserver reliability for each method of identification of bicoxofemoral axis and its impact on PI and PT measurements was tested and quantified by ICC and SEM.
Statistical analysis
The data were analyzed using the JMP 10.0.2 (SAS Institute Inc, Cary, NC) statistical software and in Microsoft Office Excel 2007 (Microsoft, Redmond, WA).
To estimate the sample size, we treated the ICC value greater than 0.7 (with its 95 % confidence interval of 0.55-0.85) as acceptable agreement/reproducibility/reliability for a research tool [13] . Thus, the minimum number of subjects to test the agreement between two methods of PI and PT measurements was 46 [14] . The minimum number of subjects to test the intraobserver reproducibility (three series of measurements performed by one researcher) as well as the interobserver reliability for three researchers for each method of PI and PT measurements was 31 [14] . The ICC value of \0.40 indicated poor agreement/ reproducibility/reliability, 0.40-0.75 indicated fair to good agreement/reproducibility/reliability, and values [0.75 reflected excellent agreement/reproducibility/reliability [15] .
Randomizations were performed by use of RAND function in Microsoft Office Excel 2007.
Results
Evaluation of agreement between PI and PT measurements based on femoral heads or acetabular domes to identify the centers of the coxofemoral joints
The mean values of the parameters measured using the femoral heads method were PI: 48.7°(22°-75°) and PT: 10.1°(-12°-30°). The mean values of the parameters measured using the acetabular domes method were PI: 48.9°(22°-75°) and PT: 9.9°(-12°-30°). There was an excellent agreement between the two methods for both PI and PT (Table 1) .
Evaluation of the intraobserver reproducibility for identification of bicoxofemoral axis using the femoral heads or acetabular domes and its impact on PI and PT measurements There was excellent intraobserver reproducibility of PI and PT measurements performed using whether the femoral heads or acetabular domes to identify the bicoxofemoral axis with ICC of 0.999 and SEM of\0.2°for PI and ICC of 0.999 and SEM of \0.20°for PT ( Table 2) .
Evaluation of the interobserver reliability for identification of bicoxofemoral axis using the femoral heads or acetabular domes and its impact on PI and PT measurements Excellent interobserver reliability of PI and PT measurements performed using whether the femoral heads or acetabular domes to identify the bicoxofemoral axis was revealed with ICC of at least 0.995 and SEM of less than 0.55°for PI and ICC of at least 0.979 and SEM of 0.90°or less for PT (Table 3) .
Discussion
We present an analysis comparing two methods of PI and PT measurements on digital lateral radiographs of the spine. Such an analysis has never been published. In this study, both the femoral heads and the acetabular domes were used to identify the bicoxofemoral axis. In the very first study where PI and PT were introduced, DuvalBeaupère et al. [3] used the centers of the coxofemoral joints to define the bicoxofemoral axis. In order to measure pelvic radius, Jackson et al. [7] placed round plastic jar caps with a small hole in their centers just under the superior domes of both acetabula visualized on the lateral radiographs, to mark the centers for the femoral heads. However, subsequent studies specifying normative values of PI and PT as well as their deviations in spinal pathologies used the centers of the femoral heads to define the bicoxofemoral axis [16] [17] [18] [19] [20] [21] [22] [23] . The use of acetabula for PI and PT measurements could also be found in the literature [8, 9, 11] . According to our clinical observations, some standing lateral long-cassette radiographs present a more clear view of the femoral heads, while others provide a better visualization of the acetabular domes. That is why we found it relevant to test the agreement between PI and PT measurements using either the femoral heads or the acetabular domes to define the bicoxofemoral axis. In order to investigate if one of the methods is superior to the other Table 1 Agreement between the method of pelvic incidence and pelvic tilt measurements using the femoral heads (''femoral heads method'') or the acetabular domes (''acetabular domes method'') to identify the centers of the coxofemoral joints I pelvic incidence, PT pelvic tilt, ICC intraclass correlation coefficient, SEM median error for a single measurement I pelvic incidence, PT pelvic tilt, ICC intraclass correlation coefficient, SEM median error for a single measurement intraobserver reproducibility and interobserver reliability of both methods were tested.
The analysis revealed an excellent agreement between the two methods of PI and PT measurements tested. Moreover, both methods presented an excellent intraobserver reproducibility and interobserver reliability in identifying the bicoxofemoral axis and subsequently in PI and PT measurements. Median errors for a single measurement for both methods were negligible with a tendency to be lower for the ''acetabular dome method.'' Our findings suggest that PI and PT may be reliably measured by both methods, and choice of either the femoral heads or the acetabular domes is used to define the bicoxofemoral axis may depend on that which structure is better visible on a particular radiograph or on the physician's preference. We find this as an important clinical implication of the study.
Precision and accuracy of PI measurements were reported by Duval-Baupère et al. [3] to be 2°and 3°, respectively. Reproducibility for the PI measurements on traditional radiographs was reported to be 6° [24] . Digital X-rays improved intraobserver reproducibility and interobserver reliability for PI measurements with reported values of 1.1°-2°and 1.5°-4°, respectively [25, 26] . Intraclass correlation coefficient for the intraobserver reproducibility was reported to be 0.69 for PI when manual method was used and up to 0.96 with computer aid [11, 27] . Our analysis revealed ICC for intra-and interobserver testing of both methods of identifying the bicoxofemoral axis for PI and PT measurements to be 0.98-0.99 with negligible SEM values. In this study, the line on the S1 endplate was predefined and was the same in all series of measurements. Our findings may therefore indirectly suggest that not defining the bicoxofemoral axis but instead proper positioning of the line on the S1 endplate is the most important source of inaccuracy in PI and PT measurements. We find this information clinically relevant and suggest that a lot of attention should be given to proper S1 endplate line positioning when PI and PT are measured.
Conclusions
The study revealed an excellent agreement between the two methods of identifying the bicoxofemoral axis for PI and PT measurements, namely the method using the femoral heads or the method using the acetabular domes to define the bicoxofemoral axis. Excellent intraobserver reproducibility and interobserver reliability of both methods tested were found. Both the femoral heads and the acetabular domes may be used for reliable PI and PT measurements on the lateral standing long-cassette digital radiographs of the spine. Significant attention should be placed on proper S1 endplate positioning when PI and PT are measured. I pelvic incidence, PT pelvic tilt, ICC intraclass correlation coefficient, SEM median error for a single measurement
